First-principles study is attempted to investigate L1 0 -disorder phase equilibrium in Fe-Pt system. The present study consists of electronic structure total energy calculations by FLAPW for the ground state and statistical mechanics calculations by Cluster Variation Method for finite temperatures. It is revealed that the magnetism plays a crucial role in the phase stability. The spin polarized FLAPW calculation confirms that the most stable magnetic state for FePt 3 (L1 2 ) is anti-ferro, and the incorporation of anti-ferro magnetic state is critical to reproduce the experimental L1 0 -disorder transition temperature. Thermal vibration effects considered based on Debye-Gruneisen model further improve the calculated transition temperature.
Introduction
Recently, L1 0 ordered phase of Fe-Pt system has been attracting broad attentions for its significantly high magnetic anisotropy with tetragonal c-axis as the easy direction of magnetization. When such a peculiar magnetic feature is realized in fine particles and thin layers, developments of new functional materials for high density magnetic recording media can be expected. Also, from the kinetics point of view, the diffusion properties of an L1 0 ordered phase is quite unique. The distinctive preferential sites for each atomic species result in a low symmetric structure, which causes peculiar atomistic diffusion paths. Hence, atomistic investigation on the structural and thermodynamic properties of the L1 0 ordered phase in Fe-Pt system is in high demand.
In the previous studies, 1, 2) we conducted systematic firstprinciples studies on the ground state properties and phase equilibria at finite temperatures for Fe-Pd system which is also a candidate alloy system for magnetic media. And it was demonstrated that the FLAPW electronic structure total energy calculations reproduce the global feature of the phase diagram when magnetic state of the system is properly taken into account. Furthermore, experimental L1 0 -disorder transition temperature was reproduced with high accuracy.
In fact, both Pt and Pd belong to the same column of the periodic table, and when these elements are alloyed with Fe, various similarities are observed in the phase diagrams. Among them are the appearances of L1 0 ordered phase in the middle of the concentration and L1 2 ordered phase near FeX 3 stoichiometry (X = Pt or Pd). The major difference, however, is the fact that an additional L1 2 ordered phase is formed near Fe 3 Pt stoichiometry for Fe-Pt system, while wide range of phase separation is extended in the Fe-rich portion for Fe-Pd system. This implies that the ordering tendency of the entire system is more enhanced for Fe-Pt system, which is confirmed by the higher transition temperatures of L1 0 and L1 2 (FePt 3 ) ordered phases in the equilibrium phase diagram.
In the present study, the same calculation procedure adopted for Fe-Pd system is applied to Fe-Pt system and we attempt the first-principles studies on the phase stability and phase equilibria. The major objective of the present study is placed on the reproduction of experimental L1 0 -disorder phase diagram. For this, our main focus is placed on two effects. One is the magnetic states of constituent ordered compounds and the other is the lattice thermal vibration. For the former, FLAPW total energy calculations with spin polarized and non-polarized schemes are attempted, and the effects of non-magnetic, ferro-magnetic and anti-ferro-magnetic states of constituent ordered compounds are investigated. For the latter, Debye-Gruneisen model which was originally applied to metals by Morruzi et al. 3) and to alloys by Becker et al. 4) is employed to estimate the vibrational free energy, and by combining with Cluster Variation Method 5) to evaluate the configurational entropy contributions the total free energy of a phase is calculated.
The organization of the present report is as follows. In the next section, we briefly review the theoretical procedure, and in the third section various phase boundaries calculated with/without the effects of magnetic states and lattice thermal vibration are demonstrated and compared.
Theoretical Calculation
By following the previous studies, 2-4) the free energy of the formation ∆F (n) (r, T ) of a stoichiometric ordered compound and a pure metal n is written as
where right hand side is the sum of heats of formation, ∆E (n) el (r), lattice vibration energy ∆E (n) vib (r, T ), and vibration entropy, ∆S (n) vib (r, T ). Among three terms, the heats of formation is originated from electronic structure and depends only on lattice constant, r, under the assumption that the electronic entropy is negligible. The heats of formation, ∆E (n) el (r), is evaluated by FLAPW total energy calculation and plays a key role in the whole calculation procedure. The lattice vibration effects described by the remaining two terms generally depend both on temperature, T , and lattice constant. In order to evaluate these terms, Debye-Gruneisen model which is the quasi-harmonic approximation is employed. Within this model, both ∆E (n) vib (r, T ) and ∆S (n) vib (r, T ) can be evaluated from the heats of formation, ∆E (n) el (r), as will be shown latter. FLAPW electronic structure calculation, therefore, is supposed to fully provide the free energy of formation with respect to an appropriate standard state.
The particular phases n we studied are five kinds of fcc based structure, Fe (n = 1), Fe 3 Pt (n = 2) with L1 2 , FePt (n = 3) with L1 0 , FePt 3 (n = 4) with L1 2 and Pt (n = 5). In view of the fact that the most stable phase of Fe at the ground state is not fcc but bcc, an additional calculation is performed on bcc-Fe to define the standard state.
According to the Cluster Expansion Method, 6 ) the obtained free energy of formation of each phase n can be related to effective cluster interaction energy, v m (r, T ), of a cluster m through
where ξ n m is the correlation function which spans the orthonormal basis in the thermodynamic configuration space 7) and is defined as the ensemble average of spin operator, σ ( p), which takes either +1 or −1 depending upon Fe or Pt located at a lattice point p, and represents the atomic arrangement on the cluster m in the phase n. With five kinds of fcc-based structure described above, a set of five simultaneous equations obtained from eq. (2) can be re-written by vector-matrix notation in which {ξ n m } forms 5 × 5 matrix. Since the details of the matrix elements have been amply demonstrated in the previous publications 1, 2, 8-13) we do not duplicate here. But, it is worth repeating that the correlation matrix {ξ n m } is regular for the choice of the five fcc-based phases with four nearest neighbor (n.n.) m-point clusters, a point cluster for m = 1, n.n. pair cluster for m = 2, n.n. triangle cluster for m = 3 and n.n. tetrahedron cluster for m = 4 in addition to a null cluster designated by m = 0. The regular matrix assures the existence of an inverse matrix and the eq. (2) is inverted to yield the effective cluster interaction energies as,
It is realized that the vibrational contribution is effectively renormalized into the temperature dependent effective cluster interaction energies, v m (r, T ), derived in this manner. With these effective cluster interaction energies, the internal energy of a phase which is characterized by a lattice constant r and a set of correlation function {ξ m } can be written as
In this equation, in addition to an averaged vibrational energy contribution carried by v m (r, T ), the correlation function, ξ m , describes the configurational excitation at finite temperatures when this is employed as a variational parameter in the free energy. Hence, eq. (4) is regarded as the effective internal energy in which vibrational energies are renormalized. By adding configurational entropy term, the free energy of a phase of interest is finally written as
Among various theoretical models to approximate configurational entropy, ∆S Conf. , one of the most efficient and reliable tools is the Cluster Variation Method (hereafter abbreviated as CVM). The approximate nature of the CVM is characterized by the largest cluster, which is termed basic cluster, of which cluster correlations are explicitly considered. The lager the basic cluster is, the more accuracy is generally expected. But the number of variables increases rapidly with the size of the basic cluster and the numerical procedure is seriously hampered. The actual calculation is, therefore, determined by the economy of the calculation and the accuracy demanded. In the conventional practice of the CVM for fcc-based system, tetrahedron approximation 14) has been employed in which the nearest neighbor tetrahedron cluster is taken as the basic cluster. For the L1 0 ordered phase, which is the main concern of the present study, the entropy formula is given 14) as
where α and β specify the sub-lattice of the L1 0 ordered phase, i, j, . . . indicate either Fe or Pt, and x γ i , y γ δ ij and w γ γ δδ ijkl are cluster probabilities of finding atomic arrangement specified by subscript(s) on a sub-cluster specified by superscript(s) on a point, pair and tetrahedron cluster, respectively.
The CVM formula reflects the symmetry of the phase, and for the disordered phase the distinction of the sub-lattice vanishes and the entropy formula is simplified.
By substituting eqs. (4) and (6) into eq. (5), a final form of the free energy of an L1 0 ordered phase is obtained as
In eq. (7), the cluster probabilities,
ijkl , are not mutually independent but interrelated each other through normalization and geometrical conditions. 14) While a set of correlation function {ξ m } forms an independent set of configuration variables. It is readily shown 15, 16) that cluster probabilities, {x
ijkl }, and correlation functions, {ξ m }, are related by linear transformation. Hence, eq. (7) can be symbolically written as ∆F(v m (r), T, {ξ m }) = ∆F(r, T, {ξ m }) which is to be minimized to determine an equilibrium state. The actual operation of the minimization can be performed by imposing the Legendre transformation on ∆F(r, T, {ξ m }) with respect to the point correlation function, ξ 1 , which yields the grand potential as follows,
where µ eff is the effective chemical potential defined as the difference of chemical potential of Fe and Pt and is the conjugate variable of point correlation function, ξ 1 . Hence, the grand potential is symbolically written as ∆Ω(r, T, µ eff,{ξ i =1 } ) and the equilibrium state is obtained by
and
With minimized grand potentials, it is readily shown 14) that two phase equilibria of disorder and L1 0 ordered phases can be determined by ∆Ω dis = ∆Ω L10 , which indicates that the conventional common tangent construction on Helmholtz potentials can be replaced by equality of grand potentials.
Results and Discussion

Ground state analysis
As was described in the previous section, one of the key procedures of the present first-principles study is to calculate the total energy E Fe 4−n Pt n (r) for Fe 4−n Pt n with n = 0, 1, 2, 3 and 4 at the ground state. For this, FLAPW electronic structure calculation 17) is performed with spin polarized and nonpolarized techniques within the generalized gradient approximation (GGA). 18) With total energies E Fe 4−n Pt n , the heats of formation, ∆E (n) el is obtained as,
where r 4 and r bcc are the equilibrium lattice constants at which the total energies E Pt 4 and E bcc Fe 4
for Pt 4 and bcc-Fe 4 with ferro magnetic state, respectively, take minimum values. The above operation defines the segregation limit at the ground state. The resultant ∆E (n) el is fitted into the Lennard-Jones type potential expressed as,
∆E (n)
el (r) = a n r 7 − b n r 3.5 + c n (12) and the resultant fitting parameters, a n , b n and c n obtained by spin polarized calculations are tabulated in Table 1 . It is noted that, since our main interest is fcc-based phases, fcc structure is meant for Fe throughout this study unless "bcc" is specified.
The results of calculated ∆E (n) el (r) are shown in Figs. 1(a) and 1(b) for spin non-polarized and spin polarized calculations, respectively. The energy reference state in both figures is the segregation limit which is defined as the concentration average of total energies of bcc-Fe (ferro) and Pt since the most stable ground state is bcc-Fe (ferro). Note that the calculated lattice constant of bcc-Fe is 5.36 (a.u.) which is quite small as compared with those of the other fcc-based phases. In order to facilitate comparison of all the phases, we converted this value to a fcc-equivalent keeping the same atomic volume.
One can see that for non-polarized calculations ( Fig. 1(a) ), ∆E (n) el (r) of all the ordered phases, which are in non-magnetic state, are positive, implying the destabilization and none of them can be expected to appear. This is in serious contradiction with the equilibrium phase diagram 19) in which, as mentioned previously, three ordered phases appear. While for the spin-polarized calculation ( Fig. 1(b) ) in which ferro or anti-ferro magnetic configurations are assumed, all the three ordered phases have negative heats of formation, indicating the stabilization. Note that the broken line of FePt 3 is the result of ferro while the solid line is that of anti-ferro magnetic state. Hence, these results clearly indicate the importance of the magnetism on the phase stability of the system. According to the previous experimental result, 20) it has been reported that the most stable magnetic state of FePt 3 (L1 2 ) phase is not ferro but anti-ferro (hereafter abbreviated as af ) of which magnetic spin configuration is demonstrated in Fig. 2 . In Fig. 1(b) , one confirms that the heats of formation of af -FePt 3 is lower than that of ferro-FePt 3 . Although Fig. 1(a) ) and by spin polarized calculation ( Fig. 1(b) ). In Fig. 1(b the energy difference is not so significant, the effects on the phase diagram is not negligible and this point is discussed in the latter section. The Lennard-Jones fitting parameters for af -FePt 3 are also listed in Table 1 .
Thermal and structural properties
Following the previous studies, 2-4) the heats of formation, ∆E (n) el , obtained by FLAPW total energy calculations for each phase n is employed to derive Bulk modulus, Debye temperature and Gruneisen constant. In particular, the Debye temperature is important to estimate the vibrational energy and entropy as will be discussed in the next section. Note, in the following of this section, the superscript n is omitted without the loss of generality.
The calculated heats of formation, ∆E el , is fitted into the following four-parameter Morse potential,
where A, D, λ and r min are fitting parameters. The derived parameters are listed in Table 2 . Note that r min is the equilibrium Wigner-Seitz radius (r ws ) at which the heats of formation takes minimum value, (∆E el ) min , and r min is related to equilibrium lattice constant, a min , through
With these fitting parameters, Bulk Modulus B, Debye temperature Θ D and Gruneisen constant γ 0 are derived as
where x 0 is defined as x 0 = exp(−λ · r min ), M the molecular weight which is, in the present calculation, the average value of atomic weight of constituent elements as listed in the right column of Table 2 . The obtained B, Θ D and γ 0 are tabulated in Table 3 together with the ones derived by Murnaghan's 21) prescription and available experimental data from literature. 22) One confirms that the agreement is reasonable. The experimental data of Gruneisen constant to be compared with the present results are not available. However, it is generally accepted that the Gruneisen constant falls between 1.0 and 3.0 for most solids, and the present results also satisfy this general trend.
Phase diagram
In order to obtain vibrational energy and entropy contributions in eq. (1) Debye-Gruneisen prescription [2] [3] [4] is employed and each term is written as, and
where Θ el (r) and the temperature dependency is neglected from effective cluster interaction energies given by eq. (3), which further reduces the effective internal energy ∆F 0 to an ordinary internal energy. Among these two phase boundaries, the broken boundaries are obtained by employing ferro-FePt 3 for ∆E (3) el (r), while the dot-broken boundaries are obtained with af -FePt 3 . The transition temperature obtained by these calculations are 2100 K and 1900 K at 1:1 stoichiometric composition, respectively, while the experimental one is ∼ 1600 K. 19) Two points should be addressed. One is that the magnetic state of the L1 2 ordered phase at 1:3 affects the stability of the L1 0 ordered phase at 1:1. This is because the change in ∆E (3) (r) is transmitted to the free energy of L1 0 ordered phase through the internal energy contribution, ∆E, since the internal energy without lattice vibration effects can be deduced from eqs. (1)- (3) as
The second point is the fact that the employment of ∆E (3) (r) with more stable anti-ferro magnetic ordered phase result in lower transition temperature i.e. less stabilization of an ordered phase. This is because the order-disorder transition temperature is determined not only by the stability of a single phase but by the relative stability of two competing phases. The incorporation of more stable af -FePt 3 is considered to enhance the stability of a solid solution.
The overestimated transition temperatures obtained above are improved by the incorporation of the thermal vibration effects as are shown by the solid lines in Fig. 3 . In fact, the transition temperature is 1610 K which is in closed agreement with the experimental transition temperature cited above. The origin of this improvement can be explained in the following manner.
The rigid lattice at the ground state, of which internal energy is employed to calculate the two phase boundaries mentioned above, is frustrated in two senses. One is the neglect of local lattice distortion effect. This effect is crucial for an alloy such as Cu-Au which consists of species with a large difference in atomic size. And an arrangement of these species on a rigid lattice induces extra energy in the system. The explicit incorporation of local relaxation effect, however, is anticipated to alter the symmetry of the lattice from one point to another and the conventional CVM is not rationalized. The difficulty may be resolved by employing so called continuous CVM 23, 24) which allows the atomic displacement around a rigid Braivais lattice point. Unfortunately, however, this new scheme of the CVM is still at its beginning stage and no attempts have been made for applying it to a realistic alloy system.
The second kind of the frustration of the rigid lattice at the ground state is due to the neglect of lattice softening associated with lattice thermal vibrations. In fact, atoms in different size can be accommodated with less expenditure of energy on the softened lattice than on the stiffed lattice at the ground state, even if the local distortion is not explicitly considered. The present calculation with thermal vibration effects takes this into account and is regarded as a precursor to a fully relaxed calculation.
Recalling that the L1 0 -disorder transition is of the first order, the ordered atomic arrangement is well maintained up to the transition temperature. For such an ordered phase, two kinds of species in different size can be well accommodated and the frustration is less emphasized for a disordered solid. Hence, the lattice softening introduced by thermal vibration effects enhances the stability of disordered phase more than the L1 0 ordered phase, resulting in the lower transition temperature.
According to recent experiment, 25) the congruent composition corresponding to the highest transition temperature is shifting slightly towards the Pt-rich side. Yet, the present calculation places it almost exactly at 1:1 stoichiometric composition. The elucidation of this point is remaining subject for the future investigation.
